The oxidation of carbon monoxide has been studied on pristine CeO 2 , Rh-CeO 2 , and Pt-CeO 2 powders prepared in one step by solution combustion synthesis (SCS). The reaction was cycled between an oxygenrich and a CO-rich feed with regard to the stoichiometric conditions. CO 2 production was monitored by mass spectrometry, while the surface species were probed by operando DRIFTS (Diffuse Reflectance Infrared Fourier Transform Spectroscopy). Whereas the reaction starts above 150°C on CeO 2 and Rh-CeO 2 and does not depend on the state of the surface (oxidized or reduced), the reaction on Pt-CeO 2 shows strong dependency on the initial state and substantial activity is achieved at much lower temperatures with the CO-rich feed. We relate this result to the change in the oxidation state of Pt via strong interaction with ceria.
Introduction
The rare-earth oxide cerium dioxide is an active phase in numerous heterogeneously catalyzed redox processes. [1] [2] [3] Its unique properties can be explained by its ability to rapidly release and store oxygen from the environment, thereby switching the oxidation state of the cation (Ce  4+ or Ce   3+ ). Associated with a high mobility of oxygen, the process plays an active role in oxidation reactions such as CO oxidation in three-way catalytic converters 4 and the preferential oxidation of CO in hydrogen excess (PROX), a process for removing CO impurities from reformate hydrogen for fuel cell applications. [5] [6] [7] [8] It was recently shown that metal-ceria powders can be prepared by a one-pot solution combustion synthetic (SCS) route. 9, 10 SCS is a relatively simple and inexpensive method for preparing metal oxides. It consists of the fast and selfsustained combustion of a preheated aqueous solution of a metallic salt and an organic fuel. The solid oxide material obtained is generally nanocrystalline, making it highly attractive for heterogeneous catalysis, in particular for applications requiring a highly stable catalyst. [11] [12] [13] [14] [15] [16] [17] [18] In this paper, we run CO oxidation cycles on pristine ceria, Rh-ceria, and Pt-ceria powders prepared by SCS. CO oxidation is the archetypal reaction to test the catalytic performance of metal-oxide materials. The catalytic conversion to CO 2 was monitored by mass spectrometry, and operando diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) was used to monitor the evolution of the adsorbates as well as the possible changes at the surface of the powders.
Experimental
Sample preparation in one step, one pot solution combustion synthesis
The samples were prepared by solution combustion synthesis (SCS), using ceric ammonium nitrate, CAN ĳ(NH 4 ) 2 CeĲNO 3 ) 6 , Sigma-Aldrich, 99.99%] as both a ceria precursor salt and an oxidizing agent. The Pt and Rh precursors were H 2 PtCl 6 ·6H 2 O (Strem Chemicals, 38-40% Pt) and RhCl 3 (Sigma-Aldrich, 38-40% Rh), respectively. Glycine ĲC 2 H 5 NO 2 , Sigma-Aldrich, 99%) was used as fuel. The CAN : glycine : metal precursor mixture composition was chosen in order to obtain stoichiometric proportions of the oxidizer and fuel (i.e., with the oxidizing/reducing valence ratio of the redox mixture equal to 1) 19 and to reach the desired metal loading (1 wt%).
Practically, a borosilicate beaker (300 cm 3 ) containing a mixture of CAN (5.00 g), glycine (1.82 g), Pt or Rh precursor, and 30 mL of deionized water was introduced into a muffle furnace (Carbolite ELF 11/6) maintained at 350°C. At the point of complete dehydration (5-10 min), the solution started to boil and foam, and ignition took place after a few seconds with rapid evolution of a large quantity of gases.
This yielded a voluminous solid product within a few minutes. The powder color ranged from pale yellow (CeO 2 ) to brown-grey (Pt and Rh-CeO 2 ). Chlorine residues from the preparation process may have an influence on the catalytic reactivity. In particular, it is known that under certain conditions the chlorination of ceria leads to CeOCl phase formation. 20 Infrared spectroscopy of CO adsorbed on such a phase shows an absorption band at around 2175 cm −1 , 21 which is not observed in our work. However, in our comparative study the influence of chloride is believed to be of much lesser importance than that of the metal nature since both catalysts were prepared in the same way, using the same types of (chloride) precursors.
Operando DRIFTS-mass spectrometry measurements
The IR spectrometer used is a Vertex 80v featuring a homebuilt extension with all necessary feedthroughs so that the complete optical path remained evacuated at all times during the experiment. We used a high-temperature reaction chamber (Harrick) fitted with CaF 2 windows and a Praying Mantis diffuse reflection accessory (Harrick cycles under identical feed. Upon switching, the fluxes were allowed to stabilize before the next cycle was started, which usually took around 10 min. After the reactor, a small amount of the exhaust gas stream was split using a fine leak valve to the inlet of a quadrupole mass spectrometer (Hiden Analytical HAL 301) operated at a pressure of 5 × 10 −7 mbar (base pressure < 2 × 10 −10 mbar). The total pressure of the reactor system was maintained at 100 mbar using pressure controllers (Bronkhorst). This relatively low pressure is necessary to reduce the response time between the exit of the gases from the reactor and their detection by the mass spectrometer. CO (purity 99.997%) and O 2 (purity 99.999%) were supplied by Linde. He (purity 99.996%), CO 2 , CO and O 2 were monitored with the QMS. As the signals for CO and O 2 evolved consistently with the CO 2 signals, they were not elaborated further and are not shown. The CO 2 signal was normalized to the He signal in order to compensate for the effects due to variations in the total pressure at the mass spectrometer level for experiments on the different powders as well as for drifts in the mass spectrometer sensitivity between the experiments.
A baseline was subtracted to compensate for slightly differing total pressures and improve comparability. The temperature was ramped at 10°C min −1 and the IR spectra were acquired at 1 spectrum min −1 or equivalently 1 spectrum per 10°C.
Results and discussion

Catalyst characterization
The samples were analyzed by N 2 adsorption volumetry (BET method), inductively coupled plasma optical emission spectroscopy (ICP-OES), powder X-ray diffraction (XRD), and aberration-corrected transmission electron microscopy (TEM). Fig. 1 shows aberration-corrected TEM images of Pt-CeO 2 (a) and Rh-CeO 2 (b) samples pretreated in H 2 flow at 400°C. The samples present CeO 2 grains separated by straight boundaries. They are arranged as in a puzzle, which is characteristic of ceria materials synthesized by solution combustion. 8, 10 Metal nanoparticles are clearly visible in both samples. Imaging of the metal particles anchored at the edges of ceria grains shows faceted fcc particle morphologies (insert in a). The main characteristics of the samples are shown in Table 1 . As determined from XRD measurements, the SCS-prepared materials exhibit the fluorite structure of standard CeO 2 (space group Fm3m, #225). 8 The BET specific surface areas are in the 12-28 m 2 g −1 range, which corresponds to 39-24 nm in terms of ceria crystallite sizes. The metal loadings are 0.98 wt% for Pt-CeO 2 and 0.73 wt% for Rh-CeO 2 , and the mean metal particle size is 4-5 nm. As shown in previous investigations using electron microscopy techniques, the samples exhibit a sponge-like microstructure with round macropores, irrespective of the metal presence or nature. 8, 10, 18 Experimental protocol Fig. 2 schematically depicts the experimental procedure. After synthesis, the powders can be assumed to be partially oxidized and may contain residuals from the synthesis. In order to clean the powders and establish a well-defined initial state, the powders were first exposed to an O 2 -rich feed (relative to the stoichiometry of the reaction) at 50°C. The temperature of the sample was then ramped from 50 to 350°C at 10°C min −1 , kept constant at 350°C for 10 min, and cooled back to 50°C at 10°C min −1 . This oxidative cycle burns the preparation residuals and oxidizes the powders. The beginning of the next cycle corresponds to the experimental t 0 : an IR reference is taken and the QMS data are recorded. The experiment then consists of 4 cycles where the temperature is ramped using the parameters given above. Cycle I uses an O 2 -rich feed. It is followed by two cycles (Cycle II and Cycle III) with a CO-rich feed. Cycle IV is under an O 2 -rich feed again (same conditions as Cycle I). The four cycles therefore represent four different feed/surface state conditions:
Cycle I exposes an oxidized catalyst to an O 2 -rich (oxidizing) feed; Cycle II exposes an oxidized catalyst to a CO-rich (reducing) feed;
Cycle III is therefore assumed to start on a reduced catalyst and thus exposes a reduced catalyst to a reducing feed; and Cycle IV exposes a reduced catalyst to an oxidizing feed.
Reactivity study, mass spectrometry Fig. 3 shows the CO 2 signal recorded during the oxidation of CO on pure ceria, Rh-ceria, and Pt-ceria prepared by SCS. On CeO 2 , no significant CO 2 production (considering 5% of the signal at saturation as significant) was detected below 200°C. At higher temperatures, CO 2 production increases linearly with temperature until it levels out at 350°C. Nearly twice as much CO 2 is produced under O 2 -rich conditions (Cycle I) as compared to CO-rich conditions (Cycle II and Cycle III). This result is consistent with the experimental conditions. Indeed, under O 2 -rich conditions (excess of O 2 with respect to the stoichiometry), we provide ½ mole of CO per ½ mole of O 2 , and can therefore expect ½ mole of CO 2 to be produced. In contrast, under CO-rich conditions, we provide ⅞ mole of CO per ⅛ mole of O 2 , yielding 2 × ⅛ = ¼ mole of CO 2 being produced at total consumption of O 2 , or half the CO 2 production under O 2 -rich conditions. Pure CeO 2 catalyzes CO 2 production; 1, 24 hence, this first experiment confirms that the simple one-pot SCS preparation method is suitable for preparing catalytically active ceria powders. 8 The fourth heating and In the insert of (a), the high-resolution image shows a Pt nanoparticle, the facets of which are indexed (red color). In (b), the lattices of two ceria crystallites are indexed (yellow color). View Article Online cooling cycle for this sample has been omitted for technical reasons. It did not show major differences to the behavior of the previous cycles featuring O 2 excess. Fig. 3b shows that the presence of Rh leads to a decrease in the onset temperature of CO 2 formation to 160°C. Total conversion is observed at 210°C under CO-rich conditions and at 240°C under O 2 -rich conditions. Saturation is therefore reached earlier than with pure CeO 2 . Notwithstanding the absolute CO 2 saturation value, the four cycles are similar.
As shown in Fig. 3c , Pt-CeO 2 exhibits a peculiar behavior with regard to CO 2 production that requires a detailed discussion. Cycle I shows the onset of CO 2 production at 170°C until saturation is reached at 295°C. Upon cooling, we observe a similar behavior. For Cycle II under CO-rich conditions, the heating ramp again shows a similar behavior albeit with half of the CO 2 production, as expected.
During the following cooling, however, CO 2 production remains at the saturation value down to 180°C. CO 2 production then decreases slowly but CO 2 is still detected at temperatures as low as 85°C. For Cycle III, under CO-rich conditions, the latter behavior is reproduced: the onset temperature appears at about 85°C and saturation occurs at 180°C. Cycle IV, the last cycle under O 2 -rich conditions, shows an onset at 70°C and saturation at 235°C. The final cooling shows a behavior that is in between those observed for the heating ramps of Cycle IV and Cycle I. The heating and cooling in Cycle I and Cycle III do not show significant differences, whereas large differences appear when the reaction conditions change (Cycle II and Cycle IV). Unlike for CeO 2 and Rh-CeO 2 , CO 2 production is detected at remarkably low temperatures for the reaction running under reducing conditions. CO 2 production was reported at 52°C on Pd-CeO 2 powders reduced by H 2 . 25 So we postulate that the oxidation state of the support plays a role in the change of activity. In order to confirm this result and study the surface state more precisely, the next section discusses the IR spectroscopic results acquired during these experiments.
The catalysts were also tested in a conventional flow fixed bed reactor, using slow temperature cycles (1.33°C min −1 ) and 2% CO : 2% O 2 conditions (i.e., close to the present "O 2 -rich" conditions, 4% CO : 4% O 2 ). 8 The two sets of results are consistent with each other, showing the same hierarchy of activities (see Fig. 3 , cycles I).
Monitoring the surface state by operando DRIFTS CeO 2 . Fig. 4 shows the spectra acquired during Cycle I and Cycle II (top) as well as the last spectrum of each cycle taken at 50°C (bottom). Cycle III was similar to Cycle II, and Cycle IV was similar to Cycle I. They are therefore not plotted. Every spectrum is referenced to t 0 according to our protocol. The first spectrum of Cycle I, being the reference, is flat and the features observed thereafter are changes in absorbance with regard to this initial state. The large asymmetric feature at 2300-2400 cm −1 corresponds to the CO 2 gas phase signal and the feature at 2050-2220 cm −1 corresponds to gas phase CO. As expected, the gas phase CO 2 signal becomes stronger (i.e. more negative or more absorption) with higher temperatures as the CO signal becomes more positive, which corresponds to a loss of intensity with regard to the reference. This is consistent with the mass spectrometry data presented above and the gas phase signals are not discussed further. Above 100°C, several bands develop in the carbonate and carboxylate region at 1000-1700 cm −1 . Note that an exhaustive description of this region is generally difficult as the literature offers varying assignments for some features [26] [27] [28] [29] and is beyond the scope of this article. We instead focus on the features most apparent in our spectra. region is mostly attributed to a carbonate stretching mode. 
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The second most intense band at 11300 cm −1 (green) could originate from bridged and bidentate carbonate species. 31 The parallel development of the bands at 1028, 1300 and 1564 cm above 90-100°C (grey) and its intensity further increases with temperature. We attribute it to the formation of polydentate carbonates from the presence of CO 2 .
24,28
Positive bands indicate that the monodentate carbonates are lost upon heating above 90-100°C and the polydentate carbonates band seems to saturate near 180°C. This temperature corresponds to the onset of CO 2 production measured by mass spectrometry and could therefore indicate that the polydentate carbonates play a role in the reaction mechanism. This is also consistent with the increase of the negative band at 1446 cm −1 (grey) (indicating the formation Interestingly, the positive bands are present down to 50°C upon cooling but are mostly gone at the beginning of the next cycle under CO-rich conditions, that is, after over 10 min at 50°C. Therefore, the carbonates are removed during the O 2 -rich cycle and are formed after the replacement of the O 2 -rich flow by the CO-rich flow. Their Formation thus appears to be mostly reversible. This further indicates that the bands observed are not residuals from the preparation but indeed species adsorbed on the CeO 2 surface. Comparison of the spectra at 50°C (bottom part of the figure) shows small changes after each cycle. The bands attributed to polydentate carbonates or formates at 1372 and 1365-1358 cm −1 (orange)
become increasingly prominent at room temperature. This could indicate further cleaning of the surface during the reaction cycles but no stronger modification of the powders.
No major changes can be observed between the results for Cycle I and Cycle II. This agrees well with previous studies, see e.g. ref. 31 .
Overall, some of the carbonaceous species disappear at least partially as the temperature increases and form again as the temperature decreases, except for the species associated with the band at 1446 cm −1 polydentate carbonates (grey), which shows the reverse behavior.
Rh-CeO 2 . Fig. 5 ever, such species present coupled vibration modes generating two distinct IR bands. Coadsorption of oxygen and CO on a Rh(111) surface also leads to a shift of the CO-Rh atop peaks to higher wavenumbers. 33, [36] [37] [38] The activity reported in Fig. 3b is similar under oxidative or reductive flux so that we rule out the presence of rhodium oxide proposed in ref.
39-41 but not observed in other studies. 33, 37, 38 Upon cooling in the O 2 -rich feed, a double negative absorption band at 2076 and 2086 cm −1 (yellow) is now identified. It can be attributed to the dense phase of atop CO onto Rh terraces. 36, 42 The other peak at 2024 cm −1 (blue) could correspond to less dense packing, 36, 42 probably on smaller and more defective particles. The CO-rich feed shows three different regimes upon heating and cooling as well. The CO At higher temperatures, the new bands vanish and the spectra are more similar to the low temperature ones. The temperature range where the 2128/2118 cm −1 bands disappear corresponds to the onset of the reaction as measured using the mass spectrometer. We therefore tentatively attribute the features to a dense phase with coadsorbed oxygen and CO. Once oxygen and CO are already present at the Rh surface, the reaction proceeds quickly as soon as the temperature is high enough to overcome the activation barrier. This fits very well with the activity measurements reported in Fig. 3b where the CO 2 formation rate went from zero to saturation within a range of 50°C, in strong contrast to the 300°C range observed on pure CeO 2 . At higher temperatures, corresponding to the region of maximum reaction rate in Fig. 3b , oxygen (the limiting reactant under CO-rich flux) is efficiently reacted to CO 2 and its residence time at the surface becomes very small. Consequently, the spectra therefore revert back to the CO/Rh case. 
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The influence of Rh can be summarized as follows. The classical explanation implies that the light off starts when the temperature is sufficiently high to allow for CO desorption. Under these conditions, dissociative adsorption of oxygen becomes possible and the Langmuir-Hinshelwood mechanism on Rh is sustained. In addition to this, further reaction channels are identified. Especially under O 2 -rich conditions, Rh effectively catalyzes CO oxidation to carbonates. The formation of these carbonaceous species, which reside on ceria, constitutes an additional CO oxidation channel. Ceria provides additional oxygen for this channel through activation at defects (Mars-van Krevelen mechanism) and reverse spillover. The latter is indicated by the coadsorption features observed at high wavenumbers in the Rh-CO region.
Pt-CeO 2 . Fig. 6 and 7 show the development of the spectra for Pt-CeO 2 . The carbonaceous species region 1000-1700 cm −1 displays essentially the same features as those observed on pure CeO 2 with a more intense positive difference band (removed species) at 1598 cm −1 (green). On the other side of the spectral window, the band at 2340 cm −1 is observed for Pt-CeO 2 as well as Rh-CeO 2 (red) but not for pure CeO 2 after the first CO-rich cycle. Even though we still cannot precisely assign it, it is apparently related to the presence of the metal particles. Explanations for the interesting behavior reported in Fig. 3c Alternatively, the bands at 2110 cm −1 and above have also been assigned to CO adsorbed on PtĲII)O particles. 43, 44 Platinum oxide, however, was shown to be less active than metallic Pt under the present conditions. 48, 49 Compared with our spectra, the features observed after the CO-rich cycles (Cycle II and Cycle III) are therefore assigned to CO/Pt(0). The features observed during the O 2 -rich cycles (Cycle I and Cycle IV) correspond to O and CO coadsorption, possibly involving partial oxidation of the particles. As discussed above, this View Article Online change of the Pt particles is responsible for the different rates of CO oxidation observed in Fig. 3c . We also note that the change of regime observed in Cycle II and Cycle IV is a relatively slow process. This allows us to conclude that Pt is partially oxidized during the O 2 -rich cycles and reduced during the CO-rich cycles, leading to the low temperature activity under CO-rich conditions. Pt oxides being hardly stable, we attribute this result to a metal-ceria interaction effect. CO-DRIFTS experiments on the same catalyst already suggested the presence of Pt oxide. 8 The present study further demonstrates that Pt interacts more efficiently with ceria than Rh. 
Conclusion
Using a combination of operando DRIFTS spectroscopy and mass spectrometry, we have studied the surface species and activity of pure ceria, Rh-ceria, and Pt-ceria powders for CO oxidation under O 2 -rich and CO-rich conditions. The powders were prepared by one-step, one-pot solution combustion synthesis.
We find that carbonaceous species adsorbed onto ceria at low temperature are partially removed in the course of the reaction both on pure ceria and on Pt-ceria. For Rh-ceria, the carbonaceous species play a lesser apparent role in the reaction mechanism.
On Rh-ceria, we find that the reaction must overcome two reaction barriers. At 100°C, oxygen diffuses from ceria to rhodium, forming a densely packed O-CO phase. Then, the reaction starts and rapidly reaches maximum activity.
On Pt-ceria, a strong interaction with the ceria support under oxidative conditions leads to partial oxidation of the Pt particles, leading to catalytic performances that are only slightly better than pure ceria in the initial stage. The surface can be reduced under excess CO feed, however, and as a result high activity is obtained down to much lower temperatures, i.e. with an onset below 100°C.
